Nowadays, thin steel plates with high surface quality are required. However, the quality of steel plates is adversely affected by transport using the friction force generated by contact with rollers in the manufacturing process. As a solution to this problem, the non-contact transport of steel plates using an electromagnetic force has been proposed. When a steel plate has sufficient stiffness owing to its material or size, it can be levitated by a levitation system consisting of actuators installed in the vertical direction. On the other hand, it is difficult for very thin steel plates to levitate because of the deflection at locations where an attractive force is not applied. To improve the levitation performance of the conventional magnetic levitation system, we have proposed the addition of an electromagnet to control the horizontal displacement of the steel plate. However, there have been no detailed examinations of by how much the levitation stability of a steel plate is improved by the suppression of deflection. In this study, we obtained the shape of a levitated steel plate by electromagnetic field analysis and deformation analysis and evaluated the obtained shape of the steel plate. Furthermore, a levitation experiment was performed to verify the levitation stability of this system. The results show that the addition of an electromagnet in the horizontal direction is effective for achieving stable levitation.
Introduction
Thin steel plates are widely used in various types of industrial products. During the manufacturing process, thin steel plates are transferred using the friction force generated by contact with many rollers. This causes plating defects and deterioration of the surface quality. Some non-contact gripping methods have been proposed to solve these problems. In particular, a method using an electromagnetic force has been considered and actively examined (Ohji et al., 2011) (Sato and Torii, 2008) . Namerikawa et al. (2006) demonstrated the stable non-contact support of a 0.3 mm thin steel plate by incorporating a control method that considers its rigid-body motion. Furthermore, Nakagawa et al. (2000) successfully achieved noncontact transfer by determining the horizontal position using the sideslip caused by inclining a 1.6 mm steel plate. However, the steel plates with the thicknesses and sizes used in these studies were sufficiently stiff, and the effects caused by the deformation of the steel plate itself were not considered. In addition, for a large levitated object, it would be difficult to systematically apply an attractive force by installing an electromagnet on the entire steel plate owing to the high cost of installation. Deflection arises at locations where the attractive force is not applied owing to the plate's own weight, and the shape of the levitated steel plate has complicated recesses and protrusions that make it difficult to control the levitation (Marumori et al., 2015) .
In addition to studying levitation control in the vertical direction, our research group has also proposed a system in which electromagnet units are installed at the edges of a thin steel plate. It was shown that sideslip and falling are prevented by horizontal positional control of the steel plate using electromagnets installed at the edges, enabling noncontact support transfer (Oshinoya et al., 2002) . Furthermore, it was shown that the deflection of a flexible steel plate can be suppressed by a magnetic field in the horizontal direction by determining the attractive force that must be applied to the steel plate. This is determined from electromagnetic analysis of the horizontal magnetic field using the finite element method (FEM) and calculation of the shape of the levitated steel plate using the finite difference method (FDM) (Kurihara et al., 2014) . However, there have been no detailed examinations of by how much the levitation stability of a steel plate is improved by suppressing the deflection of a flexible steel plate.
In this study, the shape of a levitated thin steel plate is obtained from electromagnetic field analysis and deformation analysis for a magnetic field applied in the horizontal direction in a magnetic levitation system in which a horizontal positioning control mechanism is incorporated, and a value for evaluating the obtained shape of the steel plate is defined. Furthermore, the effect of a magnetic field in the horizontal direction on the levitation performance is examined by performing levitation control experiments using this system and comparing the analytical results with the experimental results.
Positioning and levitation control system for thin steel plate
An illustration of the electromagnetic levitation control system is shown in the upper part of Fig. 1 . The levitating object was a rectangular galvanized steel plate (material SS400) of length a = 800 mm and width b = 600 mm. In the electromagnetic levitation system, non-contact positioning control was performed so that a distance of 5 mm from the surface of each electromagnet to the surface of the steel plate was maintained using a pair of electromagnets placed on each of five locations on the steel plate. The electromagnets used in this study had an E-type ferrite core with an enamel wire of 0.5 mm diameter wound around it 1005 times, as schematically is shown in Fig. 2 (a) . The electric circuits of the electromagnets were coupled in series and were arranged so that a displacement sensor was sandwiched in the center (Fig. 2 (b) ). By measurement of the effect of the magnetic field generated by the electromagnets on the displacement sensor, it was confirmed that the measurement error was 1% or less with hardly any effect on the control system (Oshinoya et al., 1996) . The arrangement of electromagnet units is shown in Fig. 3 . Furthermore, the control law was calculated by detecting the coil current of the electromagnets from the external resistance used for measurement and inputting a total of 10 measurement values to a digtal signal prosessor (DSP) from an A/D converter. The steel plate was controlled so that it magnetically levitated at a position 5 mm from the surface of the electromagnets by outputting a control voltage to an amplifier to supply current from the D/A converter and to control the attractive force from the electromagnets.
An illustration of the horizontal positioning control system is shown in the lower part of the center of Fig. 1 . Noncontact positioning control was performed by applying the attractive force of the electromagnets to the edge of the levitated steel plate from the horizontal direction. A laser sensor (for measuring the displacement from the amount of cutoff of a beltlike laser beam) was used in the horizontal displacement measurement of the edges of the steel plate. The electromagnets used were those in the levitation system (Fig. 2 (c) ). As shown in Fig. 1 , four of these electromagnets were installed, with two electromagnets installed along two opposite edges, and non-contact positioning control was performed so that the distance from the surface of each electromagnet to the edge of the steel plate was 5 mm.
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Magnetic characteristics of electromagnet for horizontal positioning control 3.1 Analytical model
To determine the magnitude of the attractive force generated in the levitated steel plate by the magnetic field in the horizontal direction, the electromagnetic field was analyzed. The JMAG package was used as the analytical software. The model used in the analysis is presented in Fig. 4 . To consider the positioning control in the horizontal direction, the distance between the steel plate and the electromagnet surface was set to 5 mm. Furthermore, when displacement of the steel plate from the center of the core occurs in the vertical direction, an attractive force is generated toward the center of the core. We therefore assumed that a displacement of −2 mm occurs in the vertical direction. The vertical and horizontal components of the attractive force applied to the steel plate under these conditions were obtained.
The parameters used in the analytical modeling are shown in Table 1 . The steel plate was 150 mm wide and 50 mm long, and the mesh size of the steel plate was 1 mm×1 mm. A preliminary examination confirmed that the steel plate was sufficiently large compared with the size of the electromagnet and that there was no effect due to the leakage of the magnetic flux. Furthermore, the steady current Ix flowing into the electromagnet was 0.1 -2.0 A. An extremely thin steel plate with a thickness of 0.03 -1.0 mm was used in the examination. 
Analysis results
As one example of the results for a steel plate with 0.24 mm thickness, a plot of vectors of the magnetic flux density is shown in Fig. 5 for a 1.0 A steady current applied to the electromagnet. A region of high magnetic flux density with approximately 30 mm radius radiated from the center of the projecting part of the core. This is because a magnetic circuit was formed from the center of the projecting part of the E-type core to the other two projecting parts. In addition, we confirmed that an area of low magnetic flux density was locally generated in the steel plate in the vicinity of the core by the effect of the magnetic circuit. The distributions of the horizontal tension and vertical restoring force obtained from the analysis results are shown in Fig. 6 for the case where a magnetic field was applied to the levitated steel plate from the electromagnets located at four positions. It was found that both a horizontal tension and a vertical restoring force were generated that were distributed in a narrow region around the electromagnets. 
Shape analysis of thin steel plate 4.1 Analytical model of the shape of the deflected steel plate
The equation for the flexure of a thin steel plate is as follows: (1) and (2), the displacement of the steel plate was calculated by the FDM. The size of the lattice used for difference analysis was 10 mm ×10 mm, which was decided by considering the calculation time for which the shape due to flexure could be clearly obtained. Furthermore, the validity of the analysis method was confirmed in a previous study (Narita et al., 2013) .
Analysis result
The shape of the steel plate was calculated by the FDM using Eq. (1). The shape of the steel plate is shown in Fig. 7 (a) for the case where no horizontal magnetic field was applied to a steel plate with a thickness of 0.24 mm. The shape of the steel plate is shown in Fig. 7 (b) for the case where a steady current of 1.0 A was applied by the electromagnets in the horizontal direction. By comparison with the case that an attractive force in the horizontal direction was not applied, we confirmed that the deflected areas of the steel plate were suppressed by applying the attractive force.
Examination of plate thickness for which magnetic field in horizontal direction is effective
To evaluate the impact of the plate thickness on the effectiveness of the horizontal positioning control, the analysis of the steel plate shape was performed for thicknesses varying from 0.03 mm to 1.0 mm. The evaluation values were chosen to represent the suppression of deflection from the obtained shape of the steel plate. First, the average deflection Jz is defined by Eq. 
2 Narita, Kurihara and Kato, Mechanical Engineering Journal, Vol.3, No.6 (2016) 
where zi represents the deflection [mm] of each analysis point of the steel plate and N represents the total number of analysis points (N = 1271). Different values of Jz are obtained for different thicknesses. In this analysis, the effect of a change in rigidity due to a change in thickness was considered, and the effect of the electromagnet on suppressing deflection was evaluated as follows:
where Jz0 represents the value of Jz calculated from the shape of the steel plate when a magnetic field in the horizontal direction was not applied. The maximum value of J is 1. When the value of J is small, the amount of deflection of the steel plate is suppressed. The relationship between the steady current Ix and J for a steel plate with a thickness of 0.24 mm is shown in Fig. 8 . Compared with the case that the steady current was 0 A, that is, horizontal control was not performed, J was markedly decreased by applying a small steady current of 0.025 A. Furthermore, J decreased gradually as the steady current was increased, showing a tendency to further suppress the deflection of the steel plate.
The relationship between the thickness and J is shown in Fig. 9 . With decreasing thickness of the steel plate, J also decreases. Furthermore, reducing the thickness of the steel plate increases the effect of the horizontal positioning control. In contrast, when the plate thickness is increased, J does not decrease when the steady current Ix is increased, making it difficult to determine the effect of the horizontal positioning control. This is because the flexural rigidity increases as the thickness increases, resulting in the steel plate having a shape with a little deflection regardless of whether or not horizontal positioning control is applied. 
Control model 5.1 Electromagnetic levitation control system
A single-degree-of-freedom model in which the design of the control system is simplified through the consideration of centralized control at the location of each electromagnet is considered. The steel plate is divided into five parts, and each part is modeled as a single-degree-of-freedom electromagnetic levitation model, as shown in Fig. 10 . Consequently, the displacement, velocity, and coil current detected at the position of the electromagnet are used to control the electromagnet. In this study, eddy-current-type sensors are used to detect vertical displacements of the steel plate. In an equilibrium levitation state, magnetic forces are determined so as to balance with gravity. The equations of small vertical motion around the equilibrium state of the steel plate subjected to magnetic forces are expressed as
Using the state vector, Eqs. (5) - (8) are written as the following state equations: 
Design of discrete-time optimal controller for electromagnetic levitation control system
The control voltages are calculated in the DSP, which enables us to design the digital control system. The discrete-time system equivalent to Eq. (9) is
The discrete optimal controller is obtained as follows: where Ts is the sampling interval (= 1.0 ms in the experiment). The MATLAB command "lqrd" was used to solve Eq. (15) and the digital controller was designed by using SIMULINK in the DSP. The weighting factor Qzd was determined by trial and error, and the value of Qzd was adopted for which the standard deviation of the vertical displacement without horizontal positioning control was the smallest. The values of the parameters in this study are listed in Tables 2 and 3.
Horizontal positioning control system
The horizontal motion of the steel plate was modeled to have a single degree of freedom, as shown in Fig. 11 . Therefore, the same attractive forces were generated from two electromagnets placed at opposite edges of the steel plate. The equations of small horizontal motion around the equilibrium state of the steel plate subjected to the same static magnetic forces from the electromagnets at the two edges are expressed as
Using the state vector, Eqs. (16) - (19) are written as the following state equations:
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Design of discrete-time optimal controller for horizontal positioning control system
Using the method shown in section 5.2, a discrete-time optimal controller for the horizontal positioning control system is similarly designed. The weighting coefficients for horizontal positioning control are defined as Qxd and rxd.
In a preliminary experiment, the weighting factor Qxd was determined by trial and error, and the value of Qxd was adopted for which the standard deviation of the horizontal displacement was the smallest. In this experiment, the electromagnets used for levitation control acted in accordance with the control law determined in section 5.2. The values of the parameters in this study are listed in Tables 2 and 4. 6. Levitation experiment 6.1 Vibration characteristic at a steady current value
To determine the effect of a change in the magnetic field applied to the magnetically levitated steel plate in the horizontal direction, a levitation experiment was performed using the feedback gain obtained from optimal control theory. The displacement of the steel plate was measured with eddy-current-type, non-contact displacement sensors installed at points A and B shown in Fig. 1 . Time histories and spectra of the displacement at point A are shown in Fig. 12 for the cases when the horizontal positioning control was not performed (Ix = 0 A, Fig. 12 (a) ) and when it was performed (Ix = 0.5 A, Fig. 12 (b) ). The results at point B are shown in Fig. 13 . When applying the magnetic field in the horizontal direction, a large change in the time history of the displacement was not observed at point A, which is a point of control in the vertical direction (Fig. 12) . Conversely, it was confirmed that the amplitude of the displacement is suppressed at point B (Fig. 13) , where levitation control was not performed. Analysis of the spectra showed that the vibration in the vicinity of 40 Hz, which was particularly dominant at 0 A, was markedly suppressed at both points.
Experiment to measure probability of levitation
To determine the effect of the magnetic field in the horizontal direction on the levitation performance of the present system, a levitation experiment was performed using a steel plate with a thickness of 0.24 mm. The steady current applied to the electromagnet in the horizontal direction was varied between 0.025 A and 1.0 A. The experiment was performed 100 times for each current value, and an experiment in which the plate levitated for 30 s or more was considered to be successful. When the steel plate fell or came in contact with an electromagnet, the experiment was counted as a failure. Figure 14 shows the time history of the displacement at point A in a case when the steel plate fell. The levitation probability at each current value is shown in Fig. 15 . Figure 15 shows a clear trend of an increasing likelihood of successful levitation as the attractive force is increased. Furthermore, it was found that levitation with high stability is possible when the steady current is 1.0 A or more.
Levitation probability and evaluation value J
A plot of J shown in Fig. 8 and the levitation probability shown in Fig. 15 is shown in Fig. 16 . It was found that J more rapidly decreased when the steady current was changed from 0 A to 0.1 A than for other increases in the steady current, and the levitation probability rapidly increased. Furthermore, for a steady current of 0.1 A or more, the levitation probability gradually increased and J gradually decreased. On the basis of the value of J, the levitation probability at 1.0 A becomes approximately 100% by suppressing the deflection of the steel plate to about 15% of that for 0 A.
A scatter plot of the levitation probability and J is shown in Fig. 17 . A strong negative correlation (correlation coefficient r = −0.95) was observed. This implies that the deflection of the levitated steel plate can be suppressed by applying a magnetic field in the horizontal direction to realize stable levitation. 
Conclusions
In this study, the levitation stability in a magnetic levitation system in which a horizontal positioning control mechanism is incorporated was examined by theoretical analysis of the shape of a levitated steel plate and by performing a levitation experiment. The conclusions obtained in this study are as follows.
(1) The suppression of the deflection was evaluated from the shape of the levitated steel plate, which was calculated by analysis of the magnetic field; it was shown that the suppression of deflection contributes to increased levitation stability. (2) Analysis of the shape of the levitated steel plate showed that the suppression of deflection due to the application of a magnetic field in the horizontal direction is larger for thinner steel plates, with the present system expected to be particularly useful for an ultrathin steel plate. (3) The levitation experiment confirmed that the vibration due to the magnetic field in the horizontal direction was suppressed in the region where control is not performed in the vertical direction. It was also shown that the vibration of the entire steel plate can be effectively suppressed by applying tension to the steel plate.
